The protection of mouse erythrocytes (RBC) parasitized with Plasmodium vinckei vinckei against activated oxygen species was examined in relation to the intraerythrocytic parasite load. RBC from highly infected annials were separated by density gradient centrifugation into six bands with increasing parasite content and with parasitemias ranging from 17% to 100%. Increase in parasite load was accompanied by a decrease in the activities of the enzymes superoxide dismutase (EC 1.15.1.1), catalase (EC 1.11.1.6), glutathione peroxidase (EC 1.11.1.9), glutathione reductase [NAD(P)HJ (EC 1.6.4.2), and NADlI-methemoglobin reductase (EC 1.6.2.2; NADHNferricytochrome b5 oxidot-eductase) in the RBC lysates. In contrast, the total amount of reduced glutathione increased in the highly parasitized bands. Furthermore, the vitamin E content of all RBC bands, including the one that contained mainly nonparasitized erythrocytes, was 3-to 5-fold higher than that of control noniinfected RBC. Increasing parasite load was accompanied by an increase in the production of malonyldialdehyde, indicating enhanced lipid peroxidation.
1.6.2.2; NADHNferricytochrome b5 oxidot-eductase) in the RBC lysates. In contrast, the total amount of reduced glutathione increased in the highly parasitized bands. Furthermore, the vitamin E content of all RBC bands, including the one that contained mainly nonparasitized erythrocytes, was 3-to 5-fold higher than that of control noniinfected RBC. Increasing parasite load was accompanied by an increase in the production of malonyldialdehyde, indicating enhanced lipid peroxidation.
Our results indicate that oxidative stress is experienced by all RBC during a malarial infection and is accompanied by a variety of changes in the antioxidant defense mechanisms of the host and the parasite. Furthermore, it appears that the plasma membrane of the host cell is better protected against oxidative injury than are the membranes surrounding the parasite.
Malarial infection is accompanied by a variety of biological responses on the part of the host, including the activation of its cellular immune system. Experiments with Plasmodium falciparum and Plasmodium berghei in vitro suggest that phagocytic cells from spleen (1) , pentoneal cavity (1, 2) , and peripheral blood (3) (4) (5) (6) ingest parasitized erythrocytes (PRBC) or free merozoites as part of their role in cell-mediated immunity. Phagocytosis by macrophages and polymorphonuclear leukocytes is accompanied by a respiratory burst, which gives rise to the production of reactive oxygen species (ROS) (7, 8) that may be involved in the processes that lead to hemolysis and intraerythrocytic death of malarial parasites (9) (10) (11) . Experiments with the murine parasite Plasmodium yoelii in vitro have shown that lymphokine-treated macrophages release hydrogen peroxide extracellularly upon phagocytosis of PRBC (12) . This and other ROS could affect host tissues, including unparasitized RBC as well as PRBC and their contents. PRBC not only trigger the oxidative burst of macrophages but also act as target cells in a cytotoxic assay, resulting in intraerythrocytic death of the parasite (12) . There is some evidence that the host RBC is exposed to oxidative stress during malarial infection (13) , and it has been argued that decreased protection against oxidative damage may inhibit parasite growth in thalassemic RBC (14) and in erythrocytes deficient in glucose-6-phosphate dehydrogenase (15, 16) or vitamin E (15) . Experiments designed to obtain information about RBC susceptibility to oxidative stress during malarial infection have concentrated mainly on the stability and oxidation/reduction status of glutathione (GSH = reduced form; GSSG -oxidized form) in PRBC (16, 17) , but the effect of parasitemia upon the full range of antioxidant systems has yet to be explored.
In this study RBC from the blood of highly parasitized mice were separated on the basis of parasite load and examined for their antioxidant'activities. Our results are consistent with the exposure of unparasitized RBC to oxidative stress and show that, with increased parasite content, complex changes occur in the antioxidant defense mechanisms within the PRBC.
METHODS
Male CBA/Cai mice, 6-10 weeks old, were infected by i.p. injection of 106 Plasmodium vinckei subsp. vinckei PRBC (9) .
Blood from control of infected mice, the latter showing 70-90%o parasitemia, was collected into sodium heparin (20 units/ml of blood). RBC from infected mice were separated as described by others (18) . Briefly, 1-2 ml of infected blood was layered onto discontinuous gradients of Dextran T 40 (Pharmacia) in phosphate-buffered saline/5 mM glucose, pH 7.2, containing 4 ml of 40% Dextran T 40, 7 ml of 28%, 6 ml of 23%, 5 ml of 19%, 5 ml of 17%, and 4 ml of 10%. The gradients were centrifuged for 45 min (15,000 x g at 40C) in an SW 27 rotor, which separated the blood into six different bands with the most highly parasite-loaded RBC on top (hereafter referred to as band 1) and the mainly nonparasitized RBC (band 6) on the bottom. Centrifugation of control blood (from uninfected mice) resulted in only one distinct band, corresponding to band 6 of the infected blood. Cells were recovered and washed twice with phosphate-buffered saline/5 mM glucose before their concentration was adjusted for further assays. To characterize the cellular constituents of the different bands, smears were prepared with the aid of a Cytospin cell centrifuge (Shandon Southern, Astmoor, England) and stained with Harleco's Diff-Quik stain set (American Hospital Supplies, Sydney). Parasite and reticulocyte numbers were assessed by counting 300-400 cells. tTo whom reprint requests should be addressed.
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1.11.1.9), and glutathione reductase (EC 1.6.4.2) (21). Total hemoglobin and GSH concentration of the freeze-thawed hemolysates of the different bands were measured as described (21) . Vitamin E was determined by a fluorimetric method (22) .
Malonyldialdehyde was determined as described (23) with slight modification (24) .
RESULTS
The aim of this study was to determine the susceptibility of PRBC to oxidative injury in relation to the intraerythrocytic growth and development of the parasite using density gradient separation of RBC (18) into six different bands (Table 1) , each containing RBC with different concentrations of parasites. The RBC of band 6 were mainly nonparasitized (83%) or contained parasites at the early stages of development, and band 1 contained the most heavily parasitized RBC (Table 1). Parasites in RBC from all bands (except band 6) were mainly at the trophozoite stage of development, although the absolute numbers of schizonts increased from band 6 to band 1, and the numbers of ring forms generally decreased. However, the bands did not represent an orderly maturation process, since multiple infections were common in the lessdense bands. Leucocytes were never observed in bands 1 and 2, and the leucocyte contamination in the remaining bands was always <1%.
To find out whether increased parasite load, represented by the different bands, is accompanied by an increase in the oxidative stress exerted upon the host cell, we tested in an in vitro system the spontaneous and t-butyl hydroperoxide (tBuO2H)-induced production of malonyldialdehyde, using this as an index of lipid peroxidation. Incubation of PRBC in phosphate-buffered saline for 2 hr at 37°C resulted in spontaneous malonyldialdehyde production (Fig. la) . The presence of 1 mM tBu02H increased the amount of malonyldialdehyde formed, the greatest effect being observed in band 1 (Fig. lb) . Both the spontaneous and tBuO2H-induced production of malonyldialdehyde by all bands tested were inhibited by the iron-chelating drug desferrioxamine (Fig. 1) . To test whether increasing parasite load influenced the antioxidant defense mechanisms of the host, we examined the activities of enzymes involved in ROS degradation and measured the concentrations of nonenzymatic antioxidants within the different bands. The activities of SOD, catalase, and GSH peroxidase on a per cell basis decreased progressively as the parasite load increased ( Table 2 ). The activity of GSSG reductase was elevated in the mainly nonparasitized band 6 compared with its activity in control RBC, but it decreased with increasing parasite concentration ( Table 2 ). In contrast to these changes in enzyme activities, the total content of GSH in all bands was elevated compared with its control value (Table 3 ). In addition to its cytosolic defense mechanisms, the RBC contains antioxidants within the cell membrane, the most important of these being vitamin E (25).
RBC from mice sick with P. yinckei infection contained 3-5 times more vitamin E than did control RBC, irrespective of the parasite load or the proportion of RBC that were parasitized. Band 6 (containing mainly nonparasitized RBC)
showed the highest content of vitamin E (Table 3) .
DISCUSSION
ROS are hypothesized to cause certain malarial pathology (9, 26) and the intraerythrocytic death of parasites (9-13).
These toxic forms of oxygen also are thought to inhibit parasite growth indirectly in some host RBC variants in which antioxidant protection is insufficient (14) (15) (16) . Evidence that uncompensated oxidative stress is exerted upon PRBC comes from a report showing that methemoglobin and sulfhemoglobin accumulates during P. berghei infection, possibly as a result of H202 production by the parasite (13) . However, the changes reported were small, and some of the evidence was indirect. Furthermore, other studies (17, 18) :Value is significantly higher than the control value (P < 0.0125).
shown that GSH stability in PRBC was enhanced, thus throwing into doubt the occurrence of oxidative stress in murine and human malaria. These authors expressed GSH levels and enzyme activities in terms of protein (18) or hemoglobin (17) concentration. Calculation on this basis can result in misinterpretation, since these two parameters also change during the course of malarial infection (Table 3; ref. 18) . Therefore, we examined the potential of PRBC in each band to degrade ROS and the susceptibility of their membrane lipids to oxidation and expressed the results on a per cell basis.
Since the results were derived from a cellular system composed of two major components (i.e., the parasite'and the "residual" host cell), it is difficult to attribute'any particular observation to one or other of these "compartments."
The steady decrease in the activities of SOD, catalase, and GSH peroxidase within PRBC as the parasite burden increased (Table 2) together with the failure of the enzyme levels to match the 4-fold increase in parasitemia from band 6 to band 5, indicate that these enzymes are probably of erythrocytic origin, since their activity losses approximately paralleled the overall loss in total protein concentration (18) . This observation implies that the parasite digests RBC cytosolic enzymes as well as the hemoglobin it has pinocytosed. The high activity of GSSG reductase in the mainly nonparasitized band 6 suggests that any contribution of parasite GSSG reductase to the overall activity is likely to be of minor importance. Despite this decrease in the activity of GSSG reductase, the GSH content increased from band 6 to band 2, showing elevated levels in all bands from infected blood compared with control blood (Table 3) . Therefore, it seems likely that a significant portion of the GSH is associated with the parasite itself. It is possible that, in conjunction with the activity of parasite GSSG reductase, the presence of malarial NADP-specific glutamate dehydrogenase (EC 1.4,1.3) (27) together with increased activity of -glutamylcysteine synthetase (EC 6.3.2.2) (18) might be responsible for the increased GSH level. The possibility that the cytosolic compartment of the PRBC is under oxidative stress remains open. Several authors (28, 29) have argued that the hemoglobin present within intact RBC is protected against oxidation by H202 as long as GSH is available as an electron donor for GSH peroxidase. When GSH is oxidized faster than it can be regenerated, catalase and hemoglobin compete for the excess H202 and formation of methemoglobin can occur. Such an explanation is not ruled out by the present work, since the results indicate that the major portion of the GSH is located within the parasite, although we cannot exclude the possibility that some GSH belongs to the "residual" RBC. We have been unable to detect accumulated methemoglobin in any of the bands (data not shown), although such accumulation has been reported in Plasmodium berghei-PRBC (13) . Enhanced recycling of methemoglobin to oxyhemoglobin, through increased activity of NADH-methemoglobin reductase, is unlikely to be responsible for the lack' of methemoglobin accumulation in this case, since the activity of this enzyme actually decreased from band 6 to band 1 ( Table 2 ). These considerations imply that the cytosolic compartment of the PRBC is not under oxidative stress under the experimental conditions used here.
Incubation of PRBC in vitro resulted in the spontaneous production of malonyldialdehyde, the amount detected being positively correlated with parasite load (Fig. la) . Thus, increased numbers of parasites within RBC are accompanied by increased lipid peroxiation. A striking observation was the difference in content of vitamin E, the most important lipid-soluble antioxidant (25) . The vitamin E content of RBC from sick mice increased to 3-to 5-fold above normal levels, irrespective of the degree of parasitemia (Table 3 ). Band 6, in which only 17% of the RBC were infected, mostly with young parasites, contained at least as much vitamin E as bands with a higher parasite content. Thus, the vitamin E content of the different bands is not correlated directly with parasite load but may well be a protective response to a hostinduced oxidative stress. From these results we conclude that the plasma membrane of PRBC is reasonably well protected against oxidative injury compared with the membranes surrounding the parasite and, thus, is unlikely to be the origin of the increase in spontaneous malonyldialdehyde production.
There is evidence that inhalation of nitrogen dioxide, which initiates free radical reactions and causes oxidant damage to lungs, mobilizes vitamin E from fat stores to the lung (30) . This has been suggested to be a protective mechanism (31) , and it would serve the same purpose as the antioxidant enzymes induced in lung tissue after chronic exposure to high concentrations of oxygen (32) . The increased vitamin E content in parasitized or unparasitized RBC from mice ill with malaria may be a similar response and is consistent with our earlier suggestion (9) that host tissues may come under free radical-induced oxidative attack from leucocytes as the disease progresses. This interpretation is strengthened by our recent experiments (unpublished data) showing that the exposure of normal mice to divicine, a source of free radicalinduced oxidative stress (24) , increases vitamin E in their plasma and RBC. As the parasite load increases within the RBC, up to 80% of the total hemoglobin is digested (Table 3 ). The first step in the process of hemoglobin degradation, which takes place within the food vacuoles of the parasite, includes the oxidation of oxyhemoglobin to methemoglobin (33) with consequent formation of ROS. Thus, the high oxidative capacity of the food vacuoles might contribute to the spontaneous malonyldialdehyde production observed in PRBC. Whatever the source of malonyldialdehyde production might be, the process appears to be iron-dependent, since the chelating agent desferrioxamine inhibits both the spontaneous and tBuO2H-induced lipid peroxidation (Fig. 1) . Generation of oxygen-centered radicals through a process catalyzed by transition metals has been well documented (34) .
These studies have focused on the susceptibility of PRBC toward oxidative injury in relation to parasite load and development. Our results suggest that, during the course of malarial infection, all RBC are exposed to oxidative stress. They respond by attempting to protect themselves against the damage caused by ROS. Furthermore, the membranes surrounding the parasite might contribute greatly to the increased lipid peroxidation observed during parasite development in the presence and absence of exogenous ROS. This would explain why, during the natural course of an infection or after administration of chemicals that generate oxygenderived free radicals, parasites with damaged membranes are observed inside host RBCs that retain intact plasma membranes (24, 35) .
During the preparation of this manuscript we became aware of an abstract (36) reporting increased levels of vitamin E in human and murine malaria-infected RBC.
